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ABSTRACT
Four methods for analyzing azimuthal anisotropy from dipole logging data are described
and attempted in this paper. These techniques are based on the phenomena of flexural
wave splitting in anisotropic materials and are analogous to the techniques used for
vertical seismic profiling (VSP) data processing. The laboratory measured dipole data
obtained with a scaled tool and a scaled borehole drilled in an anisotropic material
(phenolite) are employed to simulate the flexural modes propagating in transversely
isotropic (TI) formation with symmetry axis perpendicular to the borehole, and to
examine and compare these methods. Amplitude and particle motion analyses of the
laboratory data demonstrate that, under the conditions of our laboratory measurements
and numerical simulation, only the polarization direction of the fast flexural mode is
consistent in accordance with the fast principal direction of the anisotropic material.
The slower mode, which is much easier to excite and is of much larger amplitude than
the fast mode, turns out to be subject to interferences and is complicated; it has not
been well-understood. The particle motion of this guided mode is highly elliptical,
and its polarization direction always changes irregularly with the source orientations.
The first three methods used in VSP data processing-the linear-transform technique,
the technique of rotating the data matrix in the time domain, and the technique of
rotating the propagator matrix in the frequency domain-do not work well for the case
of flexural modes. The fourth method-determining the eigen-direction of a TI material
by identifying the the polarization with polar energy spectrum-works best for the data
used in this study.
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INTRODUCTION
Laboratory and field observations (Zhu et al., 1993) have demonstrated that if a for-
mation exhibits shear-wave anisotropy, i.e., if there is a directional crack system or an
ambient stress field, the flexural mode will propagate anisotropically with respect to
its polarization direction. Intuitively, one might expect that a flexural mode, polar-
ized along the fast or slow direction, will propagate at zerO frequency with fast or slow
formation shear velocities, respectively, and that this phenomenon could be used to
characterize the formation anisotropy in principle.
A simple mode calculation made by Leveille and Seriff (1989) proved this to be
the most likely case. Further calculations carried out by Ellefsen (1990) and Cheng
(1994) show that in the presence of azimuthal anisotropy, there are two (quasi-) flexural
modes-a slow flexural wave for which the particle displacements are aligned with the
polarization of the slow shear wave, and a fast flexural wave for which the particle
displacements are aligned with the polarization of the fast shear wave. This work
has been carried on by Sinha (1991), who also calculated the flexural mode excitation
amplitudes in the presence of transverse isotropy.
Ellefsen (1990) has proved that when the normal modes propagate along a borehole
that is parallel to the symmetry axis of a transversely isotropic earth model, the shapes
of the phase and group velocity curves are like those for an isotropic model. The phase
velocities of these modes do not exceed the phase velocities of the two S-waves prop-
agating parallel to the symmetry axis. The characteristics of the displacements and
pressures are identical to those for an isotropic model, and the orientations of the two
flexural waves and two screw waves are arbitrary just as the polarizations of the two
S-waves propagating parallel to the symmetry axis are arbitrary. For the orthorhombic
model with an intersection of two symmetry planes parallel to the borehole, the two
quasi-flexural waves have different phase and group velocities, and the differences are
larger at low frequencies but smaller at high frequencies. The behavior of the waves in
the transversely isotropic models with tilted symmetry axes and those in the orthorhom-
bic model are very similar. Therefore, a reasonable hypothesis is that the waves cannot
distinguish between transverse isotropy and orthorhombic anisotropy and, moreover,
between other types of anisotropy like monoclinic and triclinic anisotropy.
Using the perturbation model, Sinha et al. (1991) calculated the flexural wave prop-
agation characteristics in a liquid-filled borehole in an anisotropic formation. His results
for a slow formation (Austin chalk) that exhibits symmetry of a TI medium confirm
that the low-frequency asymptote of the flexural wave velocity merges with the quasi-S
wave velocity for the selected propagation direction and the flexure direction parallel
to the shear polarization directions. On the other hand, the high frequency asymptote
of the flexural wave velocity turns out to be the Scholte wave velocity appropriate for
the propagation and polarization directions. His results demonstrate that the differ-
ence in phase velocity between the two orthogonally-polarized, quasi-flexural waves is
essentially independent of frequency under this condition. This difference arrives at
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maximum when the TI symmetry axis inclines 90° with respect to the direction of the
wave propagation, and diminishes when the inclining angle becomes less than 45°. The
frequency dependence of the amplitude difference for the two orthogonally polarized
quasi-flexural waves is significant in this case. The synthetic waveforms Sinha calcu-
lated for dipole sources directed along the Sw and Sv-wave polarization directions show
that the early arrivals are dominated by the less dispersive, low-frequency components.
In addition, the waveform amplitudes are significantly larger for the fast flexural wave
than for that.of the slow flexural wave for the same source amplitude, and the disper-
sive features of the flexural arrivals are quite similar to those calculated in the case of a
liquid-filled borehole of the same radius and surrounded by an isotropic, slow formation.
Hatchell and Cowles (1992) described a spectral method to determine magnitude
and direction of shear wave anisotropy in a weakly anisotropic (2.Vs/V, « 1) formation,
using full waveforms dipole logging data. Esmersoy et al. (1994) used the technique of
data matrix rotation, resembling a method for VSP data processing, to measure sonic-
scale shear anisotropy of a formation with dipole logging data. Due to the physics of the
flexural mode and the borehole logging environment, the measurements are very different
from those in VSP, which are the measurements of body-wave propagation. Also, the
dispersion of the flexural mode leads to a frequency dependence in the magnitude, which
could mix with the effects attributed to anisotropy. Further studies are necessary to
identify various conditions that may be essential for applying VSP methods to dipole
logging data processing. In this paper, we examine four methods for determining the
anisotropy parameters from the flexural modes recorded by a centered dipole tool, with
single and array receiver pairs, in a scale-reduced circular borehole surrounded by a
homogeneous transversely isotropic formation, with the symmetry axis normal to the
borehole direction under a well-controlled laboratory environment.
BRIEF DESCRIPTION OF FOUR METHODS FOR
DETERMINING SHEAR-WAVE ANISOTROPY IN A VSP
SURVEY
Definition of the Anisotropy Parameters and the Basic Assumption
Acquisition geometry:
Figure 1 shows a schematic diagram of a fluid-filled borehole of radius a. The surround-
ing formation exhibits the symmetry of a TI medium whose symmetry axis Z is normal
to the borehole axis Z', analogous to the anisotropy in the earth caused by fluid-filled
inclusions that are stress-aligned and uniformly distributed between the transmitter and
receivers.
Figure 2 shows the coordinate system with origin at the transmitter or receiver plane.
We assume that there is no angular misalignment between the transmitter and receiver
section of the tool. Two orthogonal dipole transmitters, designated T1 and T2 , are
placed at the same depth and on the axis of a vertical circular borehole. Two orthogonal
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dipole receivers, R1 and R2, are located on the axis of the borehole a distance, £, away
from the transmitters. In the case of the array receiver pairs, the distance between
the transmitters and each receiver pair is designated as £j, £2 . ... The angle between
the fast and slow shear wave polarization directions and the dipole Tj on this plane is
designated as ej and e2, respectively.
The basic assumptions behind these VSP methods for anisotropy measurements are
as follows:
1. Homogeneous anisotropy. The polarizations of quasi-shear waves do not change
with depth within the medium between the source and receiver sets.
2. Polarizations of the split shear waves. The polarizations of split flexural waves
are fixed for a given raypath direction. This implies that the angles ej and e2 are
invariant over a time window that covers a specific shear wave arrival.
3. Principle of superposition. It is always assumed that a source vector, F, with
response function, F(w, t), can be decomposed into two components, Fj andF2,
along Pj and P2 with response functions, Fj(w, t) and F2(w, t), respectively, and
that the wavefield excited by source vector, F, in the medium is equivalent to the
wavefield excited simultaneously by Fj and F2.
Basic relationship:
With the above assumptions, the following essential equations for the first two time
domain methods can be formulated:
Fj(w, t) = -F(w, t)cose2jsin(e2 - ej)
F2(w, t) = F(w, t)cosedsin(e2 - ej). (1)
= qSj(t) + qS2(t)
qSj(t) - qS2(t)
Two principal time series, qSj(t) and qS2(t), are then defined to facilitate and quantify
the anisotropy measurements. The qSj(t) is defined as the fast split shear wave in the
time series received at a receiver when the receiver and a source vector, F, are both
polarized along Pj. Similarly, the qS2(t) is the slower split shear wave as the time· series
received at a receiver when the receiver and a source vector, F, are both polarized
along P2. Two transformed time series, Vj (t) and V2(t), are introduced as the sum and
difference, respectively, of the principal time series, qSj(t) and qS2(t),
(2)
according to the principle of superposition as shown Figure 2. The Tj-source (X-
direction) can be decomposed into two components. The amplitudes of the fast and
slower split shear waves excited by Tj can thus be expressed as:
qSj(t)sin(e2)jsin(e2 - ej)
-qs2(t)sin(ej)jsin(e2 - ej),
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respectively. Similarly, the amplitudes of the fast and slower shear waves excited by the
T2 are:
-qS1(t)COS(02)/sin(02 - 01)
qS2(t)COS(01)/sin(02 - 01), (4)
Now, the four-component time series, Sij(t), recorded from T1 and T2 -sources (j = 1,2)
at R 1 and R 2 receivers (i = 1,2), can be written as:
S11(t) =
S21(t) =
sdt)
S22(t)
[qs1(t)sin(02)cOS(01) - qS2(t)sin(01)coS(02)]/sin(02 - 01)
[qs1(t)sin(02)sin(01) - qS2(t)sin(OIlsin(02)]/sin(02 - 01)
[-qs1(t)COS(02)COS(01) + qS2(t)COS(01)COS(02)]/sin(02 - 01)
[-qs1(t)sin(01)cOS(02) + qS2(t)sin(02)cOS(01)]/sin(02 - 01), (5)
These are basic relations between the recorded components and the principal time series
of split shear waves. For the case of flexural waves, the same relations could be derived
if the basic assumptions could also apply to the dipole logging. This is important when
those techniques, originally used in VSP data processing, are to be extended to dipole
logging data processing.
Four Methods for Determining Principal Time Series and Anisotropy
Directions
We need to determine qS1(t), and qS2(t) and 01 and 02 from the recorded time series,
Sij (t), hence the anisotropy parameters. There are two methods that use time domain
operations developed primarily for VSP data processing: (1) the linear-transform tech-
nique developed by Li and Crampin (1993); and (2) the rotation scanning technique of
Alford (1986) and Thomsen (1988). The remaining two methods are: (3) the propaga-
tor matrix technique of Lefeuvre et al. (1989), a frequency domain operation; and (4)
the polar energy spectrum method to determine anisotropy directions, proposed by Igel
and Crampin (1990). These techniques will be analyzed and examined with the data
from dipole logging, according to various logging cases.
Linear transform technique:
Li and Crampin (1993) introduced a set oflinear transforms to the four-component data
sets:
D 1(t)
D 2 (t)
D 3 (t) =
D 4 (t)
S11(t) - S22(t)
S21(t) + S12(t)
S11(t) + S22(t)
sdt) - S21(t).
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Combining this equation with equations 2 to 5, we have:
D 1(t)
D 2 (t)
D 3 (t)
D 4 (t)
[qs1(t) - qS2(t))sin((l2 + (l1)/sin((l2 - (11)
[qS2(t) - qS1(t)]COS((l2 + (l1)/sin((l2 - (11)
qS1(t) + qS2(t)
[qS1(t) - qS2(t)]COS((l2 - (l1)/sin((l2 - (11). (7)
Now introduce another time series
U(t) = [qs1(t) - qS2(t)]/sin((l2 - (11).
Then, equation 7 can be written as:
(8)
D 1 (t)
D2(t)
D 3 (t)
D 4(t)
U(t)sin((l2 + (11)
- -U(t)COS((l2 + (11)
U(t)sin((l2 - (11)
-U(t)COS((l2 - (11). (9)
This equation shows that U(t) is linear motion in a coordinate system, (Dl, -D2) and
(D3, -D4), with angle (12 +(11 to the axis Dl and (12 - (11 to D3, respectively. Therefore,
we can uniquely determine U(t), (12 and (11. Consequently, V1(t) = qS1(t) + qS2(t)
and V2(t) = qS1(t) - qS2(t) can be calculated from the four-component records Sij. In
practice, this is achieved by first estimating the covariance matrix of D 1(t) to - D 2(t)
and D3(t) to -D4(t); then (12 + (11 and (12 - (11 can be calculated. Finally, the two
principal time series are calculated with equation 2.
Rotation scanning technique:
Assuming that the two split flexural waves are orthogonally polarized, let (11 = (l2-7f/2 =
(I, combining equations 2 to 5, the solution for the principal time series is straightforward:
and
o
o
= cos2((I)sn(t) + sin((I)cos((I)[S21(t) + S12(t)] + sin2((I)s22(t)
sin2((I)sn(t) - sin((I)cos((I) [S21(t) + S12(t)) + coS2((I)S22(t)
sin2((I)s21(t) + sin((I)cos((I)[sn(t) - S22(t)] - cos2((I)sdt)
sin2((I)s12(t) + sin((I)cos((I)[sn(t) - S22(t)] - coS2((I)S21(t).
(10)
(11)
Equations 10 and 11 can be calculated for a sequence of values of (I, the value chosen for
the final (I is the one for which the linear combination of data on the right-hand side of
equation 11 is approximately zero at all times for the whole traces. This angle is then
used in equation 10 to determine the principal time series.
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Propagator matrix rotation method:
Lefeuvre et al. (1989) applied a rotation method in the frequency domain to the VSP
data in which there are two shots with different polarizations available (four-component
signal). In their method, the field data were transformed into the frequency domain
first, then the complex propagator matrix Z(f), defined as:
(12)
where (X1(/k), Y1(/k)) and (Xz(/k), Yz(/k)) are the polarizations vectors at two different
depths, Zl and zz, spaced at Doz, were estimated in the least-square sense as follows:
Denote the received signals from receivers Rji as 8ji(t) 0=1,2; i=I,2), their Fourier
transforms are Yji(f), respectively. For all frequencies in the given frequency range,
solve the linear system below for the initial estimate tensor Z(fk):
< Ez/Ere! > -Z(/k) < El/Ere! >= 0
where
(13)
(14)
VZ1V n * is the expected value of the cross-correlation between V Z1 and V n computed by
averaging the cross-correlation of different sources in a small frequency window. Ere!
can be E1 or an estimation of E1 with a noise uncorrelated with the noise of E1. The
final transfer function can be computed by rotating its estimate Z(/k) at e, step by
step, from 00 to 900 . When the off-diagonal elements of the Z(fk) are minimized near
to zero for all frequencies, at an angle e, this angle is taken as the true eigen direction
and the Z(O, fk) is the transfer function associated with the shear wave mode 81. The
Oz for the shear wave mode 8z is also determined in the same way at the same time.
Polar energy spectrum:
Igel and Crampin (1990) introduced a technique for identifying polarizations of shear
waves when the data has been recorded with more than one source orientation. This
technique yields direct information about the shear wave splitting and allows the polar-
izations of the split shear waves to be recognized in the presence of interference leads. to
elliptical particle motion. Analogous to optical experiments, this method measures the
polar energy as a function of polarization after propagation through formations. For a
given source polarization e, two fixed orthogonal directions are taken in the medium with
components of the recorded displacement vector x(e, t) and y(e, t), and are measured
in the coordinate system in Figure 3. Let X1(t), Y1(t) and xz(t), m(t) represent the dis-
placements for the two source orientations e1 and ez, respectively. When e1 - ez = 900 ,
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as in the case of dipole logging, the displacements become:
x(O,t)
y(O,t) =
cos(O - Ol)Xl(t) + sin(O - Ol)X2(t)
cos(O - Ol)Yl(t) + sin(O - Ol)Y2(t). (15)
The instantaneous direction of the displacement vector in the horizontal plane is
¢(O, t) = tan-1(y(O, t)/x(O, t)) (16)
where both ¢(O, t) and 0 are specified between 0° and 180°. For a given source orientation
0, seismic energy is sorted in time interval, t2 - tl, as a function of displacement direction
¢ between 00 and 180°
"F(O,¢) = 'L,E(t'¢k'O)
'1
(17)
where E(t, ¢k, 0) is the seismogram energy at time t for direction ¢ in the interval
¢k -!:::.¢ ::; ¢k +!:::.¢ for source orientation O. F(O, ¢) is calculated for 00 ::; 0 ::; 180° in
1° steps, representing the full range of possible source orientation. F(O, ¢) ranges over a
square array of bins, where the elements correspond to relative total energy associated
with polarization direction ¢ as a function of source polarization. Two types of diagrams
are used to show the variation of energy as a function of polarization:
1. High-relief plots of F(O, ¢), over the range of source orientations and displacement
directions, and in which F(0, ¢) is normalized and smoothed.
2. Sums of energy, E, for each displacement direction, ¢, for all calculated source
orientations, 0, which are plotted as graphs against displacement directions.
1800
s(¢) = 'L, F(¢,O)
0=0 0
The anisotropy directions can be determined directly from these graphs.
(18)
Summary
Four methods for analyzing azimuthal anisotropy from VSP data are described here.
These techniques are to be applied to dipole logging data processing, based on the
similarity between phenomena of shear wave and flexural wave splitting in anisotropic
materials. The linear-transform technique needs less computation and can suit the
case of non-orthogonal splitting of shear waves if there are two orthogonally-polarized
transmitters and receivers available and their alignments are perfect. The requirement
for alignment of source and receiver could be relaxed if the fast and slower flexural
modes are orthogonally polarized. The technique of rotating the data matrix in the
time domain is computer-intensive; it requires two transmitters and two receivers. The
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orthogonality of the two flexural mode polarizations are necessary for applying this
method. The technique of rotating the propagator matrix in the frequency domain is also
computer-intensive. This technique requires two orthogonally-polarized transmitters
and an array of receiver pairs. With this method, the dispersion curve of the received
signals and the relative attenuation may be calculated in addition to the time delay
between the two flexural modes and the eigen direction. The fourth method may be
robust in picking up polarization direction and hence the directions of the principal
anisotropy axes. It does not provide information about the intensity of anisotropy and
the time delay between the two split waves. These four methods have been formulated
and coded in C programs. They have also been tested with a simple data set. In the
case of the propagator matrix technique, however, a rather large and complicated data
set is necessary to test it adequately.
LABORATORY DIPOLE LOGGING DATA USED IN THIS STUDY
Laboratory Data
Laboratory data acquisition with a scaled mimic borehole and dipole logging tool in
an anisotropic surrounding material (phenolite) has been reported in detail by Zhu et
al. (1993, 1994). In this study, eight groups of dipole waveforms are selected from
two separate measurements. There are four waveforms in each group, analogous to
the four-component time series acquisition in cross-dipole logging geometry. Figure 4
shows the image of the wavefield for one such measurement (40 traces). Figure 5 shows
the seismogram of one measurement. They are obtained by fixing the dipole source
in one direction while rotating the dipole receiver 3600 at 9.72° /trace. The outline
of amplitude and energy distribution of the two split flexural modes can be identified
clearly from these pictures. Contrary to our expectation, this set of data demonstrates
that the later part of the waveform, which was taken as dominated by a slower flexural
mode, is of much larger amplitude than the fast mode. The amplitude changes of the
two modes with the changes of the receiver direction are not orthogonal alternations,
although the two eigen-directions of the surrounding material are roughly perpendicular
to each other. As an example, Figures 6 and 7 show two sets of waveforms that have
been filtered with a low-pass digital filter and are going to be taken as input for the
processing programs. The two dipole sources for these sets of waveforms are maintained
perpendicular to each other, with the first source pointing at 30° and 60°, respectively,
and rotated clock-wise from the fast principal direction. The two receivers are always
aligned with the two transmitters. The four waveforms in each group are on-line and
cross-line signals with respect to each of the sources. More details can be observed
from these enlarged pictures: (1) the later part of the waveforms are always of larger
amplitude and lower frequency than the earlier part, or fast flexural waves, irrespective
to source and receiver directions; (2) the two parts of the waveforms seemed to have
opposite dispersion characteristics; and (3) the later part of the waveforms do not arrive
at minimum and maximum amplitude when the source-receiver becomes cross-line and
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in-line in the two principal directions, respectively. The other data groups, with the
first source oriented in various directions, have similar characteristics. Due to space
limitation, they are not shown here, but can be found in Zhu et al. (1995, this report).
Polarization Analysis
In the previous section we stated that one basic assumption for applying the first three
techniques is the .linear particle motion of the splitting waves. We must determine
whether it is still valid for our dipole logging data. Figures 8 and 9 demonstrate the
particle motions of dipole waveforms measured with source orientation at 00, 300, 600
and 900 for fast and slower modes, respectively. These are obtained by dividing the
waveforms into two parts according to the arrival time, and then plotting the wave-
forms from the X-receiver against those from the Y-receiver. It can be seen that the
polarizations of the fast modes are essentially consistent with the fast principal direc-
tion (X-axis or orientation of 00) of the anisotropic material, although the trajectories
of the particle motions are more or less elliptical. For the later part of these waveforms
or the slower mode, however, the picture is quite different. The polarizations of these
waves change irregularly when the source directions are rotated. In some cases the
polarizations rotate in the same direction as the source rotations. In some other cases
the polarizations rotate in the opposite direction. The polarizations are generally not
in the direction of the slower principal axis of the phenolite. The difference between the
orientations changes irregularly with the source directions. The particle motions of the
later part of waveforms are highly elliptical.
THE RESULTS OF APPLYING PROCESSING TECHNIQUES TO
LABORATORY DATA
The laboratory data described above were contrary to our expectations and to most
theoretical predictions so far, especially the amplitudes and polarizations of the later
part of the waveforms, or the "slower flexural mode." The differences between the split
shear waves and the flexural waves seem much more profound than people thought;
further theoretical analysis is necessary. However, this is beyond the scope of this
study. Nevertheless, applying these VSP data processing techniques to our laboratory
data could still shed some light on the final solution of the difficulties that arise here.
Results From the Linear Transform Method
Given the difficulties mentioned above, the linear transform methods are applied first
to the whole waveforms of the four data groups. The results are presented in Figure 10.
We then remove the later part of the waveforms and apply the processing again to see if
there is improvement. Figure 11 shows the results of these operations. The waveforms
shown are the principal time series obtained, and the angles printed on these figures are
the orientation of the two principal anisotropy directions calculated with this technique.
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These results demonstrate that there is no consistency between the resulting data and
the true answer. The linear transform method does not work for our data.
Results From the Rotation Scanning Methods
Figures 12 and 13 show the results of applying time domain rotation to the same data
groups as those in the linear transform. The principal time series obtained are shown
in the same way as in Figures 10 and 11. Instead of the two angles in those figures,
only one angle is printed due to the nature of this method. These data matrices have
been rotated from 0° to 360° to avoid missing an optimal angle due to the asymmetry
of the data. The angles printed on these figures are optimal angles (defined as the
minimum cross-energy angle) for each data group. These results seem to be better
than those from the linear transform. However, the differences between these results
and the true answers are still too great to justify the validity of the method. We can
also see that there is no improvement after removing the later part of the waveforms.
This makes it clear that these techniques rely too much upon the linearity of amplitude
changes of the waveforms. They will not work if the amplitude changes are not linearly
proportional to the source orientation, as in the case of our laboratory measurements,
where even the amplitudes of the fast modes do not change regularly with the changes
of source orientation. After these experiments, considering the nature of the rotating
propagator matrix technique, we decided not to continue the data processing with this
computer-intensive method.
Results From the Polar Energy Spectrum Technique
Figures 14 and 15 are the polar energy spectra for the second and third data groups,
respectively. As mentioned in the previous section, these are obtained by plotting the
distribution of polarization energy at all possible source orientations. The maxima of
the polar energy spectrum (equation 17) corresponds to the polarizations of the split
waves, no matter how complicated the particle motion. These high-relief plots clearly
show the effect of wave splitting. When a source polarization is simulated such that it
falls into one of the principal directions of anisotropic material, the energy is confined to
this polarization direction. For any other source directions, the energy is scattered into
the two principal directions. Figures 16 and 17 demonstrate the polarization directions
of the same waveform groups in Figures 14 and 15. These are obtained by plotting s(J)
(equation 18), the sum of the frequencies of the polar energy over all source directions
for each displacement direction. The polarization directions from these figures are 27°
and 53° for the fast modes and 142° and 123° for the slower modes of the data groups,
while the laboratory-determined correspondent principal directions are 30° and 60° for
the fast and 1200 and 1500 for the slower principal directions, respectively. These results
show that this method can be used to determine the polarization directions (at least the
fast principal directions) conveniently and precisely. The polarization ofthe fast flexural
wave is consistent with the fast principal direction of the propagating TI medium, as has
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so far been predicted by theoretical modelings. The polarization directions for slower
modes obtained in this way are not in the same directions as the slower principal axis of
the propagating medium. The differences between the calculated polarization direction
and the laboratory-determined principal direction for the slower mode are far beyond
the possible laboratory measurement error.
DISCUSSION
Wave propagation in a cylindrical borehole is extremely complex due to the presence of
head waves, trapped fluid modes, and surface waves. The observed behavior of the slower
flexural mode in this study presents an even more demanding challenge. The major
difficulties we encountered in extending those VSP data processing techniques to our
dipole logging data arose from the fact that the slower mode is of much larger amplitude
than the fast mode. In addition, the particle motion of the mode is a highly elliptical
motion and the polarization of the mode changes irregularly with the source direction.
It has not been well-understood if the polarization behavior of the slower mode is due
to intrinsic properties or to interferences from other wave modes. From the dispersion
behavior of the slower mode, identified in the later part of a waveform, it seems that this
is due to interferences from other modes. Nevertheless, the slower flexural mode may
always be subject to contaminants and interferences from various sources. It can be
expected that this situation would be even worse for field measurements. This feature
of the slower flexural mode must be taken into account when field data processing
techniques are developed.
The observations from this study are very different from the theoretical predictions
of Sinha et al. (1991) and the results of Esmersoy et al. (1994). Further theoretical
studies and numerical modeling with the 3-D finite difference algorithm are required to
identify various critical conditions for applying these techniques in practice. Laboratory
measurements on other rock types with TI properties, but with slower shear wave veloc-
ity higher than the compressional wave velocity of the borehole fluid, are also desirable.
Such studies are underway in our laboratory.
CONCLUSIONS
We have examined most methods used in VSP data processing for analyzing azimuthal
anisotropy and have attempted to extend these techniques to dipole logging data pro-
cessing, based on the phenomena of flexural wave splitting in anisotropic materials.
The laboratory-measured dipole data obtained with a scaled tool and a scaled borehole
drilled in an anisotropic material (phenolite) are employed to examine and compare
these methods. Amplitude and particle motion analyses of the laboratory data demon-
strate that, under the condition of our laboratory measurements, only the polarization
direction of the fast flexural mode is consistently in accordance with the fast principal
direction of the anisotropic material. The slower mode, which is more easily excited
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and is of much larger amplitude than the fast mode, turns out to be very complicated
and has not been well-understood. The particle motion and polarization of this guided
mode always changes irregularly with the source direction. The first three methods
used in VSP data processing-the linear-transform technique, the technique of rotating
the data matrix in the time domain, and the technique of rotating the propagator ma-
trix in frequency domain-could not work well for the flexural modes case. The fourth
method-determining the eigen-direction of a TI material by identifying the polariza-
tion with the polar energy spectrum-works best for the data used in this study. This
technique is robust and can be further used to measure azimuthal anisotropy from field
dipole logging data.
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X /!. Z'
Anisotropic Solid:
CI I, CI3, C33, C44
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Figure 1: Schematic diagram of fluid-filled borehole of radius a. The surrounding for-
mation exhibits symmetry of a TI medium whose symmetry axis Z is normal to the
borehole axis ZI.
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Figure 2: The coordinate system with origin at the transmitter or receiver plane. We
assumed that there is no angular misalignment between the transmitter and receiver
section of the tooL Two orthogonal dipole transmitters, designated T1 and T2, are at
the same depth and on the axis of a vertical circular borehole, Two orthogonal dipole
receivers,R1 and R2, are located on the axis of the borehole a distance, L, away from
the transmitters,
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Figure 3: Coordinate system and azimuthal anisotropy directions in the polar energy
spectrum model.
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Wavefield of Dipole Logging d30.90 (sour.dir.:30 degree)
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Figure 4: Wavefield of dipole logging in a fluid-filled borehole with azimuthal anisotropic
surrounding formation. Source orientation is 30° from the fast principal direction of the
formation.
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Dipole Waveforms of d30.90
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Figure 5: Seismogram of dipole logging in a fluid-filled borehole with azimuthal
anisotropic surrounding formation. Source orientation is 30 0 from the fast principal
direction of the formation.
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Waveform of the 2nd data group after filtering
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Figure 6: Waveforms of secan data group. Source orientations are 300 and 1200 , respec-
tively.
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Waveforms of the 3rd data group after filtering
s21 F----Ar-J'-..j
o 0.05 0.1 0.15 0.2 0.25
Time (ms)
Figure 7: Waveforms of third data group. Source orientations are 600 and 1500 , respec-
tively.
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Particle motion of faster flexural mode
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Figure 8: Particle motion of fast flexural mode. (a) Source orientation is 00 ; (b) Source
orientation is 300 ; (c) Source orientation is 600 ; (d) Source orientation is 900 •
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Particle motion of slower flexural mode
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Figure 9: Particle motion of slower flexural mode. (a) Source orientation is 0°; (b) Source
orientation is 30°; (c) Source orientation is 60°; (d) Source orientation is 90°.
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Principal time series by linear transform from 15t group
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Figure 10: Principal time series and eigen directions obtained by linear transform.
(a) from first data group; (b) from second data group; (c) from third data group.
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Principal time series by linear transform from trancated 1st group
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Figure 11: Principal time series and eigen directions obtained by linear transform for
the waveforms with later part removed. (a) from first data group; (b) from second data
group; (c) from third data group.
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Principal time series by rotation of 1st group
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Figure 12: Principal time series and eigen direction obtained by rotation scanning for
the same data as for Figure 10.
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Principal time series by rotation of trancated 1st group
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Figure 13: Principal time series and eigen direction obtained by rotation scanning for
the same data as for Figure 11.
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Polar energy spectrum for 2nd data group
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Figure 14: Polar energy spectrum of second data group.
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Polar energy spectrum for 3rd data group
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Figure 15: Polar energy spectrum of third data group.
1-29
Tao et al.
Displacement Direction for 2nd data group
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Figure 16: Displacement direction of second data group. Source orientations are 300
and 1200 , respectively.
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Displacement Direction for 3rd group
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Figure 17: Displacement direction of third data group. Source orientations are 600 and
1500 , respectively.
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